Acceptance of the 1997 A.N. Richards Award  by Leaf, Alexander
Kidney International, Vol. 51(1997), pp. 2049—205/
Acceptance of the 1997 A.N. Richards Award
ALEXANDER LEAF, M.D.
I feel deeply honored to be the corecipient of the A.N. Richards
Award for 1997 with Professor Klaus Thurau. I have even had the
privilege of working in his laboratory for a couple of months. It
was a great surprise to receive the letter from our President,
Professor Robert Schrier, informing me of this occasion. When
one is young, in my days, one did research because it was fun:
support was less onerous to obtain, costs were much less, and
there was much to learn. One did not think about occasions or
awards like this. There was no discipline of nephrology—it was
just being invented. There were few investigators studying fluid,
electrolytes and renal disorders, and mostly we knew each other.
On the northeast coast of the United States, we started a small
organization, called the Salt and Water Club, which brought us
together semiannually to regale each other with our current work
in progress and then to receive the unstinted criticisms of our
much esteemed colleagues. I think we all anticipated these very
informal, friendly meetings with pleasure and eagerness. These to
me were intense and highly treasured learning experiences. Many
of the members of this S and W Club have gone on to very
distinguished careers in nephrology and science.
To me, one of the striking differences between nephrological
research just fifty years ago is the remarkable contrast in the
simplicity then and the sophistication today of the research
problems. As I read the contents of any copy of Kidney Interna-
tional today, I encounter topics we then couldn't even have
dreamed as approachable or comprehensible. Progress has moved
exponentially, as have the number of remaining important, unan-
swered questions. I thought I might relate an example of the kinds
of problems that preoccupied some of us back in those days, from
my own experience, which of course is what I know best.
Early on, when I realized my great deficiencies for a career in
biomedical science, I had the good fortune to be able to work and
study in the laboratories of Hans A. Krebs in Oxford and Hans H.
Ussing in Copenhagen. The problem that concerned me at that
time was almost nonexistent in the minds of the handful of
clinicians studying and writing about the body fluids: James L.
Gamble, Louis H. Newburgh, and John P. Peters, to name those
most influential for me. They intuitively accepted that the then
inaccessible intracellular fluid compartment was isotonic with the
extracellular fluid which was readily sampled, that is, that a
uniform level of the chemical activity of water existed throughout
our bodies. However, at that time there existed a school of
physiologists and pathologists who regarded the intracellular fluid
compartment to be some two times or more hypertonic to the
extracellular fluids. They had even amassed a considerable
amount of data in support of their belief, which derived from two
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clear observations: (1) When normal metabolizing fresh tissues
bathed in isotonic Ringer's solution were exposed to inhibitors of
metabolism, they invariably underwent tissue swelling. If the
inhibitors could be removed before cell death occurred, the cell
swelling was reversed as energy metabolism recovered. Also, the
swelling could be largely prevented by making the medium
bathing the tissues hypertonic by the addition of salts; (2) When
pieces of tissue were quickly excised and plunged into liquid
nitrogen, the melting points of the frozen tissues were reported to
be significantly below the melting point of normal serum. These
two often-repeated observations were being interpreted to indi-
cate that the chemical activity or free energy of water in the
extracellular fluid was significantly higher than that of intracellu-
lar fluids' and that the osmotic gradient was maintained by the
expenditure of metabolic energy. An alternative explanation that
cell membranes were impermeable to water had already been
disproven by numerous observations that deuterated, or later
tritiated, water could enter the intracellular compartment of
tissues rapidly. Also, we had shown in acute experiments in dogs
with ureters ligated that free water injected intravenously as a
dilute glucose solution must have distributed evenly throughout
total body water [11. The latter was independently measured by
the volume of distribution of a tracer dose of deuterated water
injected intravenously. The former measurement requires a net
movement of water from extracellular to intracellular fluids, while
the tracer measurement requires no net transport of water into
cells. Yet the two measurements made simultaneously gave
identical values for the total body water volume of the dogs. But
this result did not prove rigorously the equivalence of water
activity inside and outside of cells. Although that was the simplest
explanation of the findings, my Salt and Water Club critics
pointed out that they were also compatible with a dilute extracel-
lular and a concentrated intracellular compartment, so long as a
fixed concentration difference was maintained between the two
compartments.
Simple cell swelling experiments taught me something else
which was just then being generally recognized, namely that cell
membranes were quite permeable not only to water molecules but
to the ions and many small solutes present in extracellular fluids.
In those days before the electron microscope resolved the issue,
even the existence or absence of cell membranes was heatedly
contested. Using inulin to determine the extracellular and intra-
cellular volumes of my tissue slices and the quantities of sodium,
chloride, and potassium, it was quickly evident that the swelling of
tissues when their metabolism was inhibited was due to the
entrance not only of water but of an isotonic extracellular fluid
into cells, with its major solutes, sodium and chloride [21. Despite
an obligatory loss from the cells of potassium, it could be shown
simply that the gain of sodium plus chloride by cells must exceed
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Fig. 1. Melting curves for rat heart (ventricular muscle) compared with
those of normal, diluted, and concentrated rat serum [6]. Measurements
were made on portions of tissue or serum containing equal total quantities
of water. The ordinate is the percentage of this water that has melted and
the abscissa is the potentiometer reading which is proportional to tem-
perature or total solute concentration. The horizontal distance between
the curves is a measure of the difference in solute concentration or water
activity between respective curves. Each curve is the mean of 12 measure-
ments and the small vertical bars or rows of dots show the standard error
of the mean for each point plotted. It is evident that there is no difference
between the measurements for heart muscle and for serum.
the loss of potassium and that it was this net gain of solute by the
cells which caused the secondary increase of intracellular water
and tissue swelling. Thus, the consistent observation that tissues
swelled when their metabolism was inhibited, was explained as a
requirement of metabolic energy to exclude extracellular solutes
from cells. When this failed, water moved in passively with the
sodium and chloride. This interpretation was consistent with the
evidence from the studies of Hodgkin [3], but definitively proven
by the classic frog skin study by Ussing, of active extrusion of
sodium by cells [4]. The metabolic energy requirement to prevent
tissue swelling was not to maintain a higher solute concentration
(lower chemical activity of water) within cells than in extracellular
fluid, but to extrude sodium and chloride ions from the intracel-
lular compartment as rapidly as they leaked into cells and thus to
preserve the long recognized difference in ionic composition of
intracellular and extracellular fluids [2].
It remained only to explain the observations that the melting
point of tissues was lower than that of plasma. By that time I had
gained enough experience measuring osmotic activity of body
fluids to know that there were some simple, but essential, condi-
tions that must be met during these experiments. It was absolutely
essential that the temperature measurements be made only when
true thermal equilibrium was established between the bathing
medium and the piece of frozen tissue. It seemed likely to me that
an artefact of measurement must have existed when such mea-
surements were being made. It seemed a lump of frozen tissue
would not be expected to exhibit a single, critical melting temper-
ature when dropped into a bath of a liquid, the temperature of
which was carefully measured with time as the mixture was
gradually warmed.
I learned about liquid silicones in Krebs' laboratory, so when I
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Fig. 2. Schematic representation of a normally metabolizing cell (A) and
a cell the metabolism of which has been reversibly inhibited. In the
normally metabolizing cell Na diffuses down its gradient into the cell and
K out. Active transport extrudes Na and causes K uptake to maintain
the high intracellular K and low intracellular Na content in the steady
state. The cell membrane potential is shown (+) outside relative to (—)
inside. The membrane potential is depicted as preventing entry of C1 into
the cell. represents nonpermeant polyvalent macromolecular anions,
such as proteins and nucleic acids. Inhibition of metabolism slows or stops
the Na pump so that the Na entering the cell passively cannot be
extruded and the K lost from the cell cannot be replaced. The cell
membrane potential diminishes and Cl now enters with the Nat The
increased solute content of the cell results in secondary entry of water and
the cell swells.
got back to my own laboratory in Boston, I obtained some of this
remarkable, inert liquid glass. Then Roy Maffly and I used it to
produce a homogenous, fine suspension of tissues from various
body organs of rats which we removed as quickly as possible and
dropped into liquid nitrogen. The frozen lump of tissue was then
pulverized with a chilled mortar and pestle and suspended in a
liquid silicone all at very low temperatures. The homogenate was
then transferred to a container to which heat could be added at a
slow, constant rate while the temperature of the fluid with
constant mixing was carefully recorded over time by a sensitive
thermistor. Attaining continuous thermal equilibrium by this
means between the fine particles of frozen tissues and the
suspending liquid silicone gave clear melting curves [5, 61. This
melting curve was identical and superimposeable with that which
we obtained in parallel determinations of the melting point of the
serum from the experimental animal donor of the tissues (Fig. 1).
Only with kidney, known to produce non-isosmotic fluids, did the
values of tissues differ consistently from that of the accompanying
serum measurements with medullary tissue hypertonic to whole
kidney or cortex consistent with the normally hypertonic urine of
the rat.
These findings were represented in Fig. 2 [2, 7, 8]. A normal
metabolizing cell is depicted with its high intracellular K and low
intracellular Na concentrations. A represents the large non-
permeant macromolecules, proteins, etc., largely negatively
charged. The solid arrow represents active transport of Na by the
sodium pump which extrudes Na from the cell as fast as it enters
the cell and takes up Kt The dashed arrows represent passive
movement of ions. Chloride is largely excluded from entry into the
cell by the negative membrane potential generated by the sodium
pump. As a consequence of the sodium pump, a double Donnan
system is established with extracellular Na on the outside,
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counteracting the swelling pressure of the intracellular macromol-
ecules and stabilizing cell volume. When metabolism is inhibited,
the sodium pump can no longer extrude the Na entering the cell,
the cell membrane potential is depolarized, Cl enters the cell
with Na. Despite the loss of intracellular K, there occurs a net
gain of intracellular solute as Na quantitatively replaces the lost
K and provides the cation for the Cl; water is drawn into the
cell and it swells. If metabolism is reestablished Na is pumped
out of the cell and the volume returns to normal [2, 7, 81. This
interpretation of these findings forms the basis of the pump-leak
hypothesis of cell volume regulation. Shortly thereafter, Tosteson
and Hoffman [9] published their elegant studies on cell volume
regulation by cation transport in high and low potassium red
blood cells of sheep, and the pump-leak hypothesis was launched.
What is the significance of this mechanism to the cell and the
organism? A mechanism to prevent disastrous cell swelling must
have developed early in evolution when the primordial macromol-
ecules first surrounded themselves with a membrane to avoid their
separation and loss in the vast bathing medium of the sea. "The
alternative adjustment possible to the cell to prevent the swelling
that would result from its content of intracellular colloid would be
to surround itself with a rigid casing to withstand this force.
However, a high membrane tension would be very disadvanta-
geous to small cells, which are dependent for many vital processes
on a high surface-volume relationship. Furthermore, in those
instances in which membrane tensions of animal cells have been
measured, very low values have been obtained. These low mem-
brane tensions are possible, I believe, because animal cells have
learned to avoid disastrous swelling by developing the ion pump-
ing mechanism, as just discussed. Certain cells seem to have
evolved secondary uses for the energy stored in the ion gradients
or in the resulting cell membrane potentials. Nervous conductivity
and muscular contractility, perhaps, represent examples of such
secondary evolutionary adaptations. Thus we owe the contractility
of the myocardium and, in fact, our very mobility, as compared
with the sessile members of the vegetable kingdom, to this method
of preserving cell volume which avoids the cumbersome cellulose
casing that the plant cells chose as their answer to the threat of
cell swelling [7, 8]."
Today I find that most medical libraries don't retain on their
shelves journals prior to 1990 or 1985, so I thought you might be
interested in an example of how a concept, which we all now take
for granted, evolved—and how recently. A few years after this
digression was, I thought past, I visited Prof. George Scatchard in
his laboratory at M.I.T. seeking some advice. When I introduced
myself, he curtly remarked "Oh, you are one of those [stupid]
clinicians who thinks that the fluid inside of cells has a higher
solute concentration than the extracellular fluid. Don't you realize
that it would consume more energy than cells can produce to
pump all the water out of cells, if that were the case!" That
encounter taught me three things: (1) There is always a simpler,
more concise explanation; (2) people—other than grant review-
ers—don't always read what you write; and (3) don't always
expect to receive praise for your research. If you find joy in
discovering new facts about living systems or providing novel
explanations for known facts, you too can find a fulfilling and
happy life in biomedical research.
Finally, and most importantly, I want to express my gratitude to
all the wonderful colleagues who worked with me over the years
and who are the ones really deserving of this award. I also express
my gratitude to a most patient, tolerant, and undemanding wife,
who made this saga possible for me.
I wish you all as much joy and satisfaction in your careers as I
have had in mine!
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